Abstract Soil organic matter (SOM) is a keystone soil property that influences soil biological, chemical, and physical properties important for soil health. Due to the high fraction of carbon within SOM, soil organic C is an important and readily manageable component of the global carbon cycle. Agroecosystem management practices strongly influence SOM content and structural chemistry. However, there are few sites where long-term effects, e.g., more than 100 years, of agroecosystem management on SOM can be studied. We hypothesized that long-term wheat production and changes in residue management would alter SOM structural chemistry through time and space. Here, soil samples from years 1915, 1938, 1962, 1988, and 2011 were acquired from the continuous wheat with inorganic fertilizer application plot (plot 2) established in the year 1888 at Sanborn Field, Columbia, Missouri, USA. Control soil samples were collected in the year 2011 from a nearby native prairie. SOM structure was analyzed as a function of distance from the particle surface, at the micrometer scale, by Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS). Our results show that SOM profiles are very heterogeneous, but three different layers were identifiable in spectra collected using FTIR-PAS depth-profiling as follows: (1) a surface layer, ranging 0-20 μm, that exhibits enrichment of C-O bonds, (2) a middle layer, ranging 20-40 μm, displaying an abundance of aromatic C=C bonds, and (3) an inner layer, ranging 40-100 μm, containing more heterocyclic N moieties. Our findings show that transformation of SOM was accelerated during the first 50 years of wheat cropping and fertilization, especially in the surface layer. However, further changes in SOM structure were remarkably retarded between 1962 and 2011 due to a change in cropping practice that retained crop residue on the plot.
2004). Thus, the quantity and characteristics of SOM are routinely studied as an indicator of soil quality to aid in identifying sustainable land management practices (Fließbach et al. 2007; Huang et al. 2007; Ludwig et al. 2011; Veum et al. 2013) . Soil organic matter is also predominantly composed of carbon, and the soil organic carbon reservoir is an important source and sink for greenhouse gases linked to global climate change (Lal 2004 (Lal , 2009 ). Identification and utilization of land management practices that enhance soil carbon sequestration is one means that can be used to reduce greenhouse gas concentrations in the atmosphere.
Organic matter in agricultural soils is sensitive to and intimately linked with agricultural practices (e.g., tillage, fertilization, and residue management) (Paustain et al. 1997) . Changes in SOM associated with agroecosystem management can be relatively slow (years to decades), thus exemplifying the need and utility of long-term agricultural experiments in understanding SOM changes through time (Richter et al. 2007) . Sanborn Field in Columbia, Missouri is one of the oldest (initiated in year 1888) and continually cropped agricultural experiments still in existence ( Fig. 1 ). Previous work on SOM at Sanborn Field has illustrated the importance of crop residue input and manure addition on the maintenance of SOM content Miles and Brown 2011) and soil properties influenced by SOM (e.g., nutrient content, bulk density, saturated hydraulic conductivity) . Of particular importance to this study was the finding that a decadal length decline in soil organic carbon (SOC) could be altered by retaining and incorporating crop residues into the soil. This practice, initiated in year 1950, resulted in aggradation of SOC from slightly less than 10 g kg −1 to greater than 15 g kg −1 in the upper 10 cm of soil under continuous wheat production with inorganic fertilization over the next 60 years of cropping (Miles and Brown 2011; Veum et al. 2013) . We hypothesized that that long-term wheat production and changes in residue management would substantially alter SOM structural chemistry through time and space (i.e., with depth from the soil particle surface). To test this hypothesis, soil samples collected from Sanborn Field plot 2 (continuous wheat with inorganic fertilizer addition) from year 1915 to 2011 and a nearby native prairie were analyzed using Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS) to acquire a spectroscopic profile of SOM as a function of distance from the particle surface (i.e., depth-profiling).
Materials and methods

Soils
Soil samples used in this experiment were collected in the years 1915, 1938, 1962, 1988, and 2011 from the site, thus permitting incorporation of additional residues into the soil . Also soil was collected in the year 2011 from Tucker Prairie, a native prairie that has never been plowed and is located 30 km east of Sanborn Field. The soil from Tucker Prairie was used in this study as a proxy sample representing conditions at Sanborn Field prior to cropping. The soil at Sanborn Field and Tucker Prairie is a Mexico silt loam (fine, smectitic, mesic Vertic Epiaqualfs) that is characterized by the presence of a claypan horizon. For the contemporary samples, topsoil (A horizon) was collected at a depth of 0-10 cm using a stainless steel push probe. Plot 2 and Tucker prairie were sampled at numerous locations and subsamples were mixed to create composite samples for each site. Samples were air-dried at room temperature, and aggregates were manually crushed, followed by passing the sample through a 2-mm sieve to remove coarse fragments, roots, and plant residues. Historic samples from plot 2 were obtained from the Sanborn Field sample archives. These samples were collected from 0 to 10-cm depth, sieved and air-dried upon sampling and processing, and in stored in sealed glass jars. The organic carbon and total nitrogen content of the soil samples studied were as follows (year sampled, C and N content): 1915, 12 and 1.3 g kg 
Description of FTIR-PAS and spectra acquisition
Fourier transform infrared photoacoustic spectroscopy is based on the absorption of electromagnetic radiation by analyte molecules and nonradiative relaxation processes (such as collisions with other molecules) that lead to local warming of the soil sample. Subsequently, pressure fluctuations are generated within the sample by thermal expansion, and these fluctuations are detected using a very sensitive microphone (McClelland et al. 2002) . A distinct advantage of FTIR-PAS revolves around the user's ability to collect spectra from optically opaque samples without pretreatment or dilution with potassium bromide salt (Zoltan et al. 2011 ). An additional promising feature of FTIR-PAS is the depth-profiling function, which permits characterization of SOM structure up to hundreds of micrometers through variation of the instrument's laser frequency and subsequently the modulation frequency (Urban and Koenig 1986; Irudayaraj and Yang 2002; Du et al. 2010 ). All photoacoustic (PA) spectra were collected using a Digilab FTS 7000 FTIR spectrometer (Santa Clara, CA) equipped with an MTEC model 300 PA accessory (Ames, IA). The sample cell within the accessory has a 1-cm interior diameter and a window at the top through which the infrared beam from the spectrometer enters. Approximately 200 mg of sample was loaded into the cell for analysis of each sample.
The accessory was purged with helium gas immediately prior to spectrum acquisition to enhance signal strength and minimize interference from water vapor and carbon dioxide which strongly absorb mid-infrared radiation. In addition, a small amount of magnesium perchlorate desiccant was placed in a cup beneath the sample to minimize effects of water vapor that might evolve from the sample during analysis.
Photoacoustic spectra were recorded in the wavenumber range of 400-4,000 cm −1 at 8 cm −1 resolution with helium neon laser fringe frequencies of 2.5, 5, 10, 25, 50, 100, 200, 400, and 800 Hz (Irudayaraj and Yang 2002) . The corresponding modulation frequencies (f) were calculated using Eq. (1):
Where C is constant (6.25×10 −5 cm) (Digilab FTS 7000 FTIR spectrometer guideline), F is the frequency (in hertz), and W is wavenumber (cm) (McClelland et al. 2002) .
Spectral processing
Eight scans were collected and averaged. These spectra were pre-processed with a smoothing filter (first-order SavitzkyGolay filter with a nine-point window) (Savitzky and Golay 1964) and standardized using the software Matlab 7.8 (MathWorks Inc. MA, USA). The average profiling depths of specific absorption bands under different modulation frequencies were calculated using the following function (McClelland et al. 2002) :
Where μ denotes thermal diffusion length (in micrometers), D denotes thermal diffusivity (D ≈10 −4 cm 2 s −1 for the soil organic materials) (Horton et al. 1983) , and f denotes the modulation frequency of the infrared incident beam (in hertz) calculated from Eq. (1). Spectral dimensions were reduced by PCA using the software Matlab 7.8, and the plotting of data distributions amongst the main principal components (PCA1 and PCA2 ) was used to differentiate layers in the SOM profile. Native Tucker Prairie soil was used as the reference to calculate the Euclidean distance (ED) between the samples studied as follows:
Where PCA1 and PCA2 denote the first two principal components of the PA spectra of soils with differing lengths of cultivation. PCA1 ref and PCA2 ref denote the first two principal components of the PAS spectra of native Tucker Prairie soil.
Results and discussion
Photoacoustic spectra of Sanborn Field soil samples
The depth-profiling PA spectra of contemporary soil from Sanborn Field plot 2 (2011) are shown in Fig. 2 . The spectra are composed of three main absorption regions as follows: 2,500-4,000 cm −1 (region I), 1,200-2,500 cm −1 (region II), and 500-1,200 cm −1 (region III). Region I is primarily comprised of O-H, N-H, and C-H vibrations from SOM and clay minerals resulting in a relatively broad absorption band (Du et al. 2010; Du and Zhou 2011) . Region II is much more valuable for understanding the structural chemistry of SOM. The absorption band near 2,000 cm −1 was assigned to C-N vibrations derived from heterocyclic N or N bonded aromatics (Mahieu et al. 2000; Schmidt-Rohr et al. 2004 ). The absorption band at ∼1,700 cm −1 is associated C=O vibrations, whereas the peak at ∼1,600 cm −1 is attributable to aromatic C = C vibrations (Movasaghi et al. 2008) . The band at ∼1,200 cm −1 is primarily derived from C-H bending vibrations. Region III is primarily characterized by one strong absorption band at ∼1,000 cm
, which is associated with stretching and bending vibrations from various functional groups (e.g., C-O, C-H, Si-O-Si, etc.) (Calderon et al. 2011) .
Photoacoustic profiling depth into a sample decreases with increasing modulation frequency; it is most shallow at 800 Hz (∼20 μm) based on calculations using the characteristic band of 900-1,200 cm −1 and deepest at 2.5 Hz (∼100 μm) based on calculations using the characteristic band of 1,800-2,200 cm
. Interestingly, the depth-profiling spectra vary as a function of frequency and the data can be segregated into three main groups based on spectral similarities. The soil PA spectra collected using frequencies of 2.5, 5, and 10 Hz show a broad and strong IR absorption band in region I and absorption near 2,000 cm −1 in region II; IR absorption was very weak in region III. The PA spectra acquired using frequencies of 25 and 50 Hz exhibit strong absorption bands in region II, while absorption bands are very weak in regions I and III. At frequencies of 100 to 800 Hz, strong absorption bands are present in regions II and III, and IR absorption is very weak in region I. This information is interpreted as indication that SOM in the samples can be segregated into three general layers with distinguishing chemical characteristics that change as a function of profiling depth. Similar results were also obtained for the other samples analyzed (Fig. 3 ).
Principal component analyses of PA spectra
A principal components analysis was conducted to aid in modifying or confirming the identification of SOM layering based on visual assessment of the PA spectra (Fig. 4) . The first two principal components (PCA1 and PCA2) explained nearly 99 % of variance in the spectra. The plotting of PCA1 versus PCA2 resulted in a parabolic distribution of data (Fig. 4a) . The spectra acquired at frequencies of 2.5, 5, and 10 Hz were associated with one layer of SOM (the left side of the parabolic curve), while the remaining data were associated with the other two SOM layers (the right side of the parabolic curve). According to the corresponding loading spectra of the two principal components, the first principal component primarily represents the C-O vibration likely associated with carbohydrates, whereas PCA1 represents C-H, O-H, or N-H vibrations from other organic components of the soil. Therefore, the SOM layer associated with the three lowest frequencies (2.5, 5, and 10 Hz) was relatively deficient in functional groups associated with carbohydrates. Additionally, the N-H absorption band was relatively strong in these three spectra, which implies relatively greater N content at deeper profiling depths. The spectra associated with frequencies of 25 to 800 Hz were further investigated using PCA, and a second parabolic distribution of data was observed (Fig. 4b) . Subsequently, this further supports separation of SOM into two additional layers; one layer represented by the spectra captured using 25 and 50 Hz frequencies and the other by spectra collected using frequencies of 100 to 800 Hz. In the corresponding PCA loading spectra, PCA1 primarily represents carbohydrates and PCA2 represents more aromatic materials.
Overall, findings from the PCA confirm changes in SOM chemistry as a function of depth into the contemporary sample collected from plot 2 at Sanborn Field. The approximate thickness of each layer of SOM was calculated using Eqs. (1) and (2) and assuming (1) the SOM surface was flat in micrometer scale and (2) the thermal diffusion coefficient was uniform and constant. The total thickness of the SOM profiled was determined to be ∼100 μm. This profile was composed of a ∼20 μm (0∼20 μm) surface layer rich in C-O (strong IR absorption between 900 and 1,200 cm −1 ), a ∼20 μm (20∼40 μm) aromatic-rich middle layer (strong IR absorption between 1,500 and 1,700 cm signals from heterocyclic N moieties (strong IR absorption between 1,800 and 2,200 cm −1 ). Figure 5 represents the profile of SOM as a function of depth in the sample studied. The surface layer of SOM on minerals or on the exterior of aggregates is the interface between soil and the atmosphere or soil pores. Sorption to mineral surfaces is a major process involved in SOM preservation, and sorption processes result in the formation of heterogeneous coatings of SOM on mineral surfaces (Kaiserk and Guggenberger 2003; Huang et al. 2005; Ellerbrock and Gerke 2004; Kleber and Johnson 2010) . Subsequently, SOM in this layer will be greatly influenced by water, temperature, oxidation processes, microorganisms, and recent inputs of organic residues. Lehmann et al. (2008) reported that SOM forms detected at the nanometer-scale exhibit no similarity to SOM forms in bulk soil when investigated using synchrotron-based near-edge X-ray spectromicroscopy. Slightly more similar to the scale investigated in this study (micrometer), Kinyangi et al. (2006) found that the chemical form of mineral-associated organic matter appeared to be significantly altered between exterior surfaces and interior regions. Soil organic matter present in the exterior (surface) regions contained more carboxyl-C relative to aromatic-C, while SOM in interior regions was more complex and contained significant amounts of aromatic and aliphatic-C. Kleber et al. (2007) developed a zonal structure of organomineral associations based on the amphiphilicity of SOM fragments, and the structure was divided into layers as follows: a contact zone, a hydrophobic zone, and a kinetic zone. For a mineral with little surface charge and preconditioned through reactions with proteins, the contact zone should contain an abundance of nitrogenous organics (C-N vibrations), the hydrophobic zone is proposed to be rich in aromatic organic structures (aromatic C=C vibrations), and a kinetic zone of less determined composition (Kleber et al. 2007 ). The three layers in the zonal structure of organo-mineral associations correspond well to our spectral observations of three layers (inner layer, middle layer, and surface layer) and demonstrate structural composition similar to two of the zones proposed by Kleber et al. (2007) . Soil organic matter is usually isolated from soil mineral surfaces using chemical or physical procedures, thereby enhancing acquisition of functional group and structural component information (Cheshire et al. 2000; Shirshova et al. 2006; Lehmann et al. 2008) . In this study, spectra were acquired from samples without chemical pretreatment; therefore, the functional group and structural component obtained should more closely mimic SOM structure found in the environment. Our work shows that the surface layer of SOM is likely more dynamic due to enrichment of C-O observed in spectra with shallow profiling depth (100-800 Hz frequencies). Structural characteristics of the middle layer (25 and 50 Hz frequencies) are similar to the surface layer; the main difference being a relatively greater content of aromatic moieties. The inner layer, rich in N-bonded aromatics (2.5-10 Hz frequencies), likely evolved from the middle layer (transition layer) as humification proceeded; subsequently, the stability of this layer should be enhanced (Schmidt-Rohr et al. 2004 ). However, the enrichment of N moieties in the inner layer may also be attributed to preferential sorption of N-containing organics to mineral surfaces (Omoike and Chorover 2006) .
It is also plausible that these layers of SOM correlate with different soil carbon pools in the sample (Kleber et al. 2007 ). For example, the surface layer may be associated with a small active C pool, the middle layer may represent intermediately decomposable C pool, and the inner layer could be representative of a large, recalcitrant C pool (van Veen et al. 1985) . In addition, it is also interesting to note N accumulation in the inner layer, which implies a longer turnover time of soil N in this layer. However, further work is required to verify these hypotheses.
Changing structure of SOM through time
Though the depth-profiling spectra of soils with different cultivation length were similar, many differences could be distinguished. For example, there are two bands in the 10 Hz spectra located at 1,500-2,000 cm −1 that exhibit similar intensities in the Tucker Prairie sample (Fig. 3) . However, intensity of the vibration at ∼1,900 cm −1 was more intense than the vibration at ∼1,700 cm −1 in the cultivated sample collected in year 1915. Therefore, the transformation of SOM in Sanborn Field plot 2 through time is significantly influenced by agronomic practices, particularly crop residue removal or return (Fig. 6 ).
To further evaluate the influence of residue management on SOM, Euclidean distances between plot 2 samples and the control soil (Tucker Prairie) were calculated using data from the PA spectra. Euclidean distances were observed to decrease in a linear fashion for each SOM layer as a function of cultivation time. For the inner layer (Fig. 6a) , the absolute ED was less (0.5-1) and the rate of spectral change was the slowest (the slope was −0.017 in the first 50 years and −0.0008 since 1962) relative to the other SOM layers. The surface layer (Fig. 6c) exhibited the largest absolute ED (1.5-3) and the rate of change was the most rapid (the slope was −0.033 in the first 50 years and −0.009 since 1962). After the return of crop residue to the field was initiated in year 1950, the rate of SOM spectral change was remarkable retarded in all SOM layers relative to pre-1950 samples.
The change in ED through time can also be used to evaluate the turnover of SOM under the different residue management scenarios. Using the regression relationships developed for each layer of SOM (Fig. 6) , the times required for SOM spectral change prior to return of crop residues were 75, 84, and 104 years for the inner layer, middle layer, and surface layers, respectively. For Tucker Prairie soil (control), the SOM had naturally changed for 123 years from 1888 to 2011; thus, long-term fertilization significantly accelerated SOM turnover. After 1950, when crop residue was returned to the plots, the transformation times for the inner layer, middle layer, and surface layer t were 937, 255, and 334 years, respectively. Therefore, under long-term cropping, the return of crop residue to the soil retarded the turnover of SOM, and long-term fertilization plus crop residue return offers a pathway for sustainable soil quality management.
Conclusions
We found that the in situ depth-profiling technique of FTIR-PAS was an informative tool for understanding changes in SOM structure through time. The spectral information collected indicated that SOM was very heterogeneous, but three layers (surface layer, middle layer, and inner layer) were identifiable. The surface layer and middle layer were of similar thickness but the layers differed in chemical composition. Where the surface or exterior layer was enriched in C-O bonds, the middle layer was enriched in unsaturated double bonds associated with aromatic materials. The inner layer was the thickest layer identified and it also contained an abundance of unsaturated double bonds; however, these bonds were primarily. The SOM structure changed remarkably after conversion from native vegetation to wheat cultivation. Through cultivation time, composition of the inner layer varied the least; the greatest degree of spectral change was observed in the surface layer. Transformation of SOM, especially in the surface layer, was accelerated during the first 50 years of wheat cropping and fertilization. However, further changes in SOM structure between 1962 and 2011 were remarkably retarded due to a change in cropping practice that retained crop residue. Therefore, long-term fertilization and crop residue management indicated strong influence on SOM structural chemistry at the molecular level. This research enhances our understanding of agricultural practices and their relationship to sustainable soil management.
